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METAL OXIDE HYDROGELS AND HYDROSOLS, THEIR PREPARATION AND USE

FIELD OF THE INVENTION

The present invention relates to metal oxide hydrogels and
hydrosols, methods for thelr preparation, and their use, in

particular for encapsulation of water-insoluble particles.

BACKGROUND OF THE INVENTION

Isolating molecules of pharmaceuticals, dyes, magnetic or
optically sensitive particles or plant, animal or human tissues
or cells as well as living organisms including viruses,
bacteria, fungi, seeds or plant or animal embryos in the
capsules not permitting transport of particles or bigger
molecules through their walls with the possibility of controlled
release of these objects through biocompatible chemical or
biochemical treatment under ambient conditions opens tremendous
perspectives in such domains as drug delivery, optical or
magnetic storage of information through printing, sensor
techniques, bio-delivery and even protection of biological
objects, for the purpose of bio-control protection and/or

preservation.

The earlier developed techniques for preparation of inorganic
hydrosols and hydrogels for encapsulation purposes have been
considering almost exclusively preparation of a silica gel. Two
major approaches have been developed: one based on hydrolysis of
silicon alkoxides using acid catalyst with subsequent addition
of a buffer solution, stabilizing pH in the interval 5 - 7 [1,
2]. Silicon alkoxides are not soluble in water or miscible with
it, which requires application of a co-solvent such as alcohol
(not less than 30% in the total reaction mixture) or prolonged

ultrasonic treatment or other mixing procedures to assure
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homogenization [1]. Other possibility is provided by hydrolysis
of sodium silicate in water solution by addition of a buffer
solution with pH in the interval 5 — 7 [3, 4]. In the latter
case a considerable lack of reproducibility in encapsulation has
been observed, caused by the difficulty to control local pH and
provide a kinetically reproducible regime in the growth of a
silica polymer [5]. Both these approaches offered polymeric
gels, providing retention of the molecules or organisms trapped
inside, but no true encapsulation, as these objects are released
in a poorly controllable way through diffusion [2, 5].
Preparation of dense silica capsules without a possibility to
release encapsulates has been reported to occur in water-in-oil
[6] or oll-in-water [7] emulsions on application of stabilizing
surfactants. Very recently it has been shown that heteroleptic
silicon precursors, alkyl-silicon alkoxides, can give capsules,
when hydrolyzed in an oil-in-water emulsion [8]. The use of
metal alkoxides in the same procedure as silicon alkoxides has
been claimed in [9], but was the same year shown to be
impossible by the works of Livage et al. [10]. According to
Livage, the hydrolysis of metal alkoxides is providing polymer
sols that quickly transform into gels on addition of water. The
possibility to obtain hydrosols for encapsulation purposes was
proposed only through obtaining oxide gels in organic solvents
and their re-peptization after transfer into water [5]. The

measures proposed for obtaining such secondary sols, such as

addition of strong acids or heating to at least 90 °C [11l], are
obviously not biocompatible. Recently [12] there has been
reported preparation of core-shell Ag-TiO, nanoparticles,
applying hydrolysis of titanium isopropoxide solution in ethanol
by a colloid solution of silver nanoparticles in water,
stabilized by a surfactant CTAB (Cetylammonium bromide).
Selective formation of the shell on the surface of the particles

was attributed to the catalytic action of the surfactant.
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It has recently been demonstrated [13] that the hydrolysis of
the chemically modified zirconium and titanium alkoxides in a
water—in-hydrocarbon emulsion (a system with prhase separation
between two solvents) occurred as a micellar self-assembly,

providing thin-walled oxide shells selectively encapsulating

hydrophilic molecules.

OBJECTS OF THE INVENTION

It is an object of the invention to provide a process for

preparing metal oxide hydrogels and hydrosols.

It is another object of the invention to provide a process for
encapsulation of water-insoluble particles in a main group metal
oxide and/or a transition metal by means of a metal oxide

hydrogel or hydrosol.

An additional object of the invention is to provide water-

insoluble particles encapsulated in metal oxide.

Further objects of the invention comprise uses of water-

insoluble particles encapsulated in metal oxide.

Still further objects of the invention will become evident from
the following summary of the invention, the description of

preferred embodiments thereof, and the appended claims.
SUMMARY OF THE INVENTION
If not otherwise indicated, in this application a metal oxide or

alkoxide is a main group metal oxide or transition metal oxide

or a mixture of such metal oxides or metal alkoxides.
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According to the present invention is disclosed a process for
preparing a hydrosol of one or more metal oxides, comprising:

1) Preparing a metal alkoxide solution of one or more metal
alkoxides in a water-miscible organic solvent;

ii) Providing an aqueous solvent;

iii) Optionally providing an aqueous solvent having a pH of from
pH 0 to pH 7;

iv) Optionally mixing measured volumes of the solution of step
i) and of the aqueous solvent of step iii) to form metal oxide
micelles in the water-miscible organic solvent:;

v) mixing the metal alkoxide solution of step i) or the water-
miscible organic solvent comprising metal oxide micelles of step
iv) with the aqueous solvent of step ii) in volume or weight
proportions to form a single-phase aqueous sol colloid
(hydrosol) of hydrated metal oxide;

with the proviso that the hydrosol does not comprise non-ionic
block polymer surfactant. Preferred embodiments of the process

for preparing the hydrosol are disclosed in claims 2 - 8.

Also disclosed according to the invention is a hydrosol of
hydrated metal oxide, in particular one obtainable by the
process of the invention, which does not comprise non-ionic

block polymer surfactant.

According to the present invention is also disclosed a process
for preparing a hydrogel of one or more metal oxides, which does
not comprise non-ionic block polymer surfactant, comprising
storing the aqueous hydrosol of hydrated metal oxide of the
invention for a period of time sufficient to provide for sol-gel
transition. From the hydrogel of hydrated metal oxide of the
invention water and/or solvent can be optionally removed at, for
instance, reduced pressure to form a dried hydrogel of one or
more metal oxides, which does not comprise non-ionic block

polymer surfactant. Preferred embodiments of the process
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f) Alternatively to step e), optionally separating the particles
enclosed in shells of hydrated main group metal and/or
transition metal oxide(s) obtained in step d) from other
components;

g) Optionally removing water and solvent from the product of
step f);

with the proviso that the method does not comprise the use of a

non-ionic block-copolymer surfactant.

Preferred embodiments of the process are disclosed in the

appended claims 15-32 and 35-39.

The initially prepared metal alkoxide in solution can be
modified by addition of heteroligands such as carboxylic acids,
diketones, ketoesters, polyols, or alcohols containing
additional amino-, ether-, keto- aldehyde groups, or phenols, or
alkanolamines. Carboxylic acids involving aromatic fragments,
aminoacids and proteins with potential for drug delivery

applications are particularly preferred as modifying ligands.

According to a preferred aspect of the invention the metal
alkoxide solution can be subjected to hydrolysis by addition of
controlled amounts of water with pH in the interval from 0 to 7,
most preferred from 0 to 2, adjusted by addition of a strong
acid (such as HCl, HNO;, H,804, HC1l0O4, CF3SO3H or PhSO3H) or its
solution in the same or other organic solvent miscible with that
applied for dissolution of the initial metal alkoxide. The
amount of added water provides the possibility for formation of
oxide micelles through hydrolysis-polycondensation in an organic
medium. It is preferred for the amount of water added to be from
0 to 5 molar equivalents to the amounts of metals, in particular
from 0.01 to 4.0 molar eg., most preferred from 0.05 to 1.0
molar eq.. All the applied organic solvents should, in the

volumes proposed for further formulations, be miscible with an
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According to a preferred aspect of the invention is disclosed a
process for encapsulation of water-insoluble particles in
hydrated metal oxide or a mixture of hydrated metal oxides
comprising:

a) Preparing a metal alkoxide solution in a water-miscible
organic solvent;

b) Preparing a particle suspension in an aqueous solvent;

c) Mixing the solution of step a) and the suspension of step b)
in a volume or weight proportion suitable for forming a
suspension of said particles in a single-phase hydrosol of
hydrated metal oxide;

or, alternatively to steps b) and c¢),:

bi) providing water or an agquecous solvent having a pH of from pH
0 to pH 7;

Cc1) mixing measured volumes of the solution of step a) and of the
water or aqueous solvent of step b; to form metal oxide micelles
in the water-miscible organic solvent of step a);

Cz) mixing the water-miscible organic solvent comprising metal
oxide micelles of step c;) with an aqueous solvent to form a
single-phase hydrosol of hydrated metal oxide;

c3) dispersing water-insoluble particles in the single-phase
hydrosol of step c;) to form a suspension of the particles
therein;

d) Storing the hydrosol particle suspension of step c¢) or c3) for
a period of time sufficient to provide for formation and self-
assembly of metal oxide micelles on the particles so as to form
shells of hydrated metal oxide on the particles, wherein the
storage time can be selected to allow for transition of the
aqueous sol to an aqueous gel;

e) Optionally removing water and/or solvent from the product of
step d) to form aggregates of water-insoluble particles in

shells of hydrated metal oxide (s) ;
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aqueous medium without phase separation. The suspension
resulting from mixing of the organic metal alkoxide solution
with the chosen adgueous medium can be left in a liguid form or
dried via evaporation at ambient pressure or in vacuum OI in a
gas flow or through spraying of the initial suspension as well

as freeze drying.

According to the invention is additionally disclosed a method of
controlled release of the encapsulated particles or fragments
thereof. In this method the product of the process of the
invention is contacted with a pH-adjusted aqueous ligand
solution, for instance a carboxylate or polycarboxylate
solution, in particular a solution of citrate, lactate,
succinate, oxalate, etc. It is preferred for the agueous ligand
solution to have a pH of from pH 4 to pH 9, in particular of
from pH 5 to pH 7.

According to a preferred aspect of the process of the invention
comprises the use of metal alkoxides and precursors of metal
alkoxides, such as main group metal and/or transition metal
methoxides, ethoxides, n-propoxides, iso-propoxides, n-
putoxides, sec-butoxides, iso-butoxides, tert-butoxides, n-
pentoxides, iso-pentoxides, sec-pentoxides, tert-pentoxides,
neo-pentoxides, longer chain alcohol derivatives (with the alkyl
groups containing up to 12 carbon atoms), alcohol derivatives,
containing an additional donor function, such as alkoxy—, amino-
, imino-, alkylamino-, alkanolamino- derivatives etc.,
derivatives of phenols etc., non-modified, or modified with such
ligands as diketones, retoesters, carboxylic acids, alkyls,
unsaturated hydrocarbon ligands, alcohol ligands with additional
donor functions, polyols, calixarenes etc., proceeds according
to a micellar self-assembly mechanism, which is principallu
different from that the self-assembly of silica alkoxides and

modified silica alkoxides, and always comprises formation of
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dense particles of a size and reactivity determined by self-
assembly of ligands on their surface. Micelles are heterogeneous
particles, which can be transferred into water for gelation
and/or encapsulation if introduced into an agueous solution by
means of a water-miscible organic solvent. Moreover, if the
reaction mixture is heterogeneous, the micelles will generally
be concentrated on phase separation surfaces, there forming
dense shells around macromolecules, particles or organisms
present in the aqueous phase. Application of basic ligands, such
as amines, aminoalcohols, alkanolamines, aminoacids,
aminosubstituted sugars etc., in combination with acids in the
preparation of the primary micelles in organic solvents provides
a means of stabilizing micelles in aqueous media through
electricall charged of ammonium ions (cations) on their surface
and to adjust pH in the resulting hydrosol via desorption of
protonating ligands forming a buffer solution. It is preferred
for the buffer solution to have a pH from 4 to 10, in particular
from 5 to 9, most preferred from 7.0 to 8.5, permitting to
achieve a biocompatible medium. The original solution of
micelles can be highly concentrated, which makes it possible to

obtain final reaction mixtures with alcohol content of less than

10 %. The thus obtained shells can have thick (up to 50 pm) and
mechanically resistant walls in contrast to the shells obtained
from metal alkoxides in water-in-hydrocarbon emulsions [13]. The
specific chemical and physical properties of main group metal
oxides and transition metal oxides such as magnetism, electric
conductivity, optical activity etc. in combination with the
properties of encapsulated objects offers a broad spectrum of
applications. The high density of the walls of capsules produced
from metal alkoxides enhances the retention of encapsulated
objects. Chemical reactivity of (hydrated) main group metal
oxides or transition metal oxides derived from metal alkoxides
provides for chemically or bio-chemically controlled release of

encapsulated particles or fragments thereof at ambient
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temperature via introduction of biocompatible ligands such as,
for example, di- and poly-carboxylates (citrate, lactate,
succinate, oxalate etc.). The most important feature of the
applied ligands is the presence of an acidic group, such as
carboxylate, sulphonate, phosphonate and an additional group,
which can be of either carboxylate, sulphonate, phosphonate or
hydroxyl function in the alpha, beta, gamma or delta position to

the first group (1 to 4 carbon atoms between the groups).

The product of the process may vary in form depending on, i.a.,
how it is recovered from the sol or gel state, and can,
dependent on the application, be used as a liguid suspension
(sol), a gel, a dry powder or particles enclapsulated in a hard

shells surrounded by amorphous metal oxide.

The process of the invention is based on the preparation of a
solution of main group metal and/or transition metal alkoxide or
modified alkoxide in such solvents as alcohols, alcohols with
additional donor functions such as amino, alkylamino, ether,
ester, keto- or aldehyde groups, ethers, esters, amines, amides,
alkyl sulfoxides or alkyl phosphonates (with the principal
requirement that they should be miscible with water without
phase separation) with or without additional modification by
such ligands as diketones, ketoesters, carboxylic acids, alkyls,
unsaturated hydrocarbon ligands, alcohol ligands with additional
donor functions, alkanolamines, polyols, calixarenes etc. As
metal alkoxides can be used main group metal or transition metal
methoxides, ethoxides, n-propoxides, iso-propoxides, n-
butoxides, sec-butoxides, iso-butoxides, tert-butoxides, n-
pentoxides, iso-pentoxides, sec-pentoxides, tert-pentoxides,
neo-pentoxides, longer chain alcohol derivatives containing 6 to
12 carbon atoms, alcohol derivatives with additional donor
functions, such as alkoxy-, amino-, imino-, alkylamino-,

alkanolamino- derivatives etc., derivatives of phenols etc. As
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metals are meant lithium, sodium, potassium, magnesium, calcium,
strontium, barium, aluminium, gallium, indium, thallium,
lanthanum and lanthanides, titanium, zirconium, hafnium,
vanadium, niobium, tantalum, chromium, molybdenum, tungsten,
manganese, technetium, rhenium, iron, cobalt, nickel, copper,
zinc, platinum group metals, silver and gold, tin, lead and
bismuth and the mixtures of those, including heterometallic
complexes involving these metals. Derivatives of aluminium,
titanium, zirconium, niobium and molybdenum are particularly

interesting for biological applications.

Partial hydrolysis-polycondensation of these solutions is
carried out via addition of water in pure form or in a solution
of a water-miscible solvent, in particular of one of the
aforementioned organic solvents. It is preferred for the water
to be of neutral pH or of a pH from 0 to 7, in particular from 0

to 2, adjusted by addition of a strong acid.

The obtained organic metal alkoxide solution is mixed with water
or an aqueous solution in which the particles for encapsulation
are dispersed. The aqueous solution may contain a water-miscible
organic solvent and/or one or mer inorganic or organic salts
(such as MX,, R4NX, where M = Li, Na, K, Rb, Cs, Mg, Ca, Sr, Ba,
or rare earth element, R = CHz, CyHs, C3H;, C4He; X = F, cl, Br, I,
OH, NO3~, % S0,*, Cl0,,, CN, SCN’, etc.). Such salts are belived
to enhance self-assembly and to decrease the retention of water
in the shells, which is useful for the preparation of
mechanically stable, crack-free shells. Mixing of the metal
alkoxide solution with the agueous particle suspension produces
a hydrosol that self-assembles around particles, providing dense
shells with modifying ligands assembled on their surface. The
process does not require the application of separate surfactants
(such as block-copolymers of polyesters or polyethers/

polyalcohols) or catalysts. In order to protect the objects for
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encapsulation a protective/inert atmosphere can be applied, for
example, an oxygen-free atmosphere. To decelerate the self-
assembly of the colloid solutions obtained by mixing of the

metal alkoxide solution and the initial suspension it is
preferred to use cooling to a temperature of from —-75 °C to +15
°C, in particular from -45 °C to +10 °C, most preferred from -20

°C to 0 °C. To accelerate the self-assembly of the colloid

solutions obtained by mixing of the alkoxide solution and the
initial suspension it is preferred to use heating from 425 °C to
+145 °C, in particular from +30 °C to +130 °C, most preferred

from +50 °C to +120 °C. Homogeneity of the metal alkoxide
solution and/or the sol or gel colloid can be improved by
ultrasonic treatment. Encapsulation of the water-insoluble
particles (molecules, tissues, cells or organisms, etc., occurs
within a time varying from a few seconds, in particular of from
1 to 20 seconds, and up to several hours, for instance two,
three or six hours. If is preferred for the encapsulation time
to be from 5 seconds to 6 hours, in particular from 5 s to 1 h,
most preferred from 10 s to 30 min. The obtained capsules can be
left in solution as a suspension or be separated by drying. The
latter, dependent on application, can be realized as ambient
pressure drying, vacuum drying, freeze drying, drying under flow
of a gas or spray-drying. They can be purposely separated from
any admixture of the non-entrapped components by repeated
washing with solvents with or without filtration. Drying of the
colloids can be used for better preservation of the éncapsulated
material. Drying at low temperatures or freeze-drying can be
used for the unaltered preservation of biclogical matter

encapsulated in metal oxide shells.

The obtained encapsulates can be stored at different conditions.
They can , if desired, be dissolved almost immediately by

addition of agueous solutions of biocompatible ligands
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comprising weak acidic functions, preferably in a concentration
of from 0.01 to 5.0 M, in particular of from 0.01 to 2 M, most
preferred of from 0.05 to 1.0 M. Preferred biocompatible ligands
are carboxylate or polycarboxylate ligands, but also
aminocarboxylate or hydroxyl-carboxylate ligands. The
dissolution process is associated with the release of the
originally applied modifying ligands that can thus be
controllably delivered into the solution through this procedure.
Macrocapsules of a size of from several micrometers and to up to
3 mm can also be opened by physical treatment, such as mechanic,

ultrasound or light (laser) treatment.

The invention will now be explained in greater detail by

reference to a number of preferred but not limiting embodiments.

DESCRIPTION OF THE FIGURES

Fig. 1 is a rough scheme illustrating the self-assembly of
preformed micelles (A) around (micro-) heterogeneous

objects in aqueous solution (B):;

Fig. 2 shows the release of encapsulated material (A) through
dissolution of the metal oxide shells by means of
biocompatible ligands (B):;

Fig. 3 shows the molecular structure of titanium alkoxide
precursor species modified by penicillamine, titanium
isopropoxide (A), and titanium n-propoxide (B).

DESCRIPTION OF A PREFERRED EMBODIMENT OF THE INVENTION

All chemicals were purchased from Aldrich and used as received.
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EXAMPLE 1. Encapsulation of 2.2 um polystyrene beads in hydrated
oxide shells obtained from chemically modified and pre-
hydrolysed precursor.

Initial precursor solution was obtained by dissolving 2 mL
Ti(0"Pr),; in 8 mL anhydrous "PrOH and subsequently adding 0.5 mL
triethanolamine. Then 1 mL of hydrolyzing solution, prepared by
mixing 0.4 mL 0.1 M HNOs with 1.6 mL "PrOH, was added on stirring
to the modified precursor solution, providing an organic sol. 1
mL of the sol was quickly added by means of a syringe to 5 mL of
suspension of micro-beads (Duke Scientific Corp., Palo Alto, CA,
USA) in water stirred by a magnetic stirrer in a glass flask.
The resulting slightly opaque hydrosol was poured into a Petri
dish to produce a slightly opaque gel within about 30 min. The
gel was then washed with water several times and dried in the
open for 1 h. Optical microscopy showed that the spheres were
covered by a shell of hydrated oxide (with 100-250 nm wall
thickness), and further incorporated into gel aggregates
measuring from tenths of micrometers to about 1 mm. Covering
particles, possessing specific optical properties (reflection
and/or absorption) with a transparent gel layer is of special

interest in solar control applications.

EXAMPLE 2. Encapsulation of Arthrobacter chlorophenolicus A6G in
hydrated oxide shells obtained from chemically modified and pre-
hydrolysed precursor.

Pre-prepared organic sol obtained according to Example 1 (1 mL)
was added to 10 mL of suspension of bacteria Arthrobacter
chlorophenolicus A6G in aqueous isotonic sodium chloride
solution. The obtained slightly opaque hydrosol was poured into
a Petri dish and was converted into a slightly opague monolithic
gel within 30 min. The gel was then washed several times with
isotonic aqueous NaCl solution. Optical microscopy showed that
the applied microorganisms were covered by a shell of hydrated

oxide (with 100-250 nm wall thickness), and further incorporated
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into gel aggregates measuring from tenths of micrometers to

about 1 mm.

EXAMPLE 3. Liberation of the encapsulated bacteria and
subsequent viability tests.

The gel encapsulate of Arthrobacter chlorophenolicus A6G (about
1 g) obtained and characterized as in Example 2 was added to a
citrate buffer solution with pH = 6.00 and total concentration
0.10 M (10 mL). Complete dissolution with formation of a
transparent suspension of bacteria in the prepared mixture of
solvents was achieved within 5 min on gentle stirring. The
obtained solution was spread on cultivation plates revealing the
possibility to obtain densities of the surviving microorganisms

to up to 5-10° cfu/mL, corresponding to a survival rate of 0,25%.

EXAMPLE 4. Improvement of the biocompatibility of encapsulating
material through ligand choice.

Initial precursor solution was obtained by dissolving 4 mL
Ti(OEt), in 6 mL anhydrous EtOH and adding 1.0 mL
triethanolamine. Then 1 mL of hydrolyzing solution, prepared by
mixing 0.5 mL 0.5 M HNO; with 2.0 mL EtOH, was added providing an
organic sol. 1 mL of the sol was quickly added by means of a
syringe to 9 mL of a suspension of Arthrobacter chlorophenolicus
A6G in aqgueous isotonic sodium chloride solution. The obtained
slightly opaque hydrosol was poured into a Petri dish and was
converted into a slightly opaque monolithic gel within 30 min.
The gel was then washed several times with isotonic aqueous NaCl
solution. Optical microscopy showed that the applied
microorganisms were covered by a shell of hydrated oxide (with
100-250 nm wall thickness), and further incorporated into gel
aggregates measuring from tenths of micrometers to about 1 mm.
Liberation of encapsulated organisms according to Example 3 with

subsequent viability test revealed a survival rate of 6 %.
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EXAMPLE 5. Tests of biocompatibility of hydrosol encapsulation
for different microorganisms. “

Initial precursor solution was obtained by dissolving 5 mL
Ti(OEt)s in 5 mL anhydrous EtOH and adding 1.5 mL
triethanclamine. Then 1.0 nL of hydrolyzing solution, prepared
by mixing 0.5 mL 0.5 M HNO; with 2.0 mL EtOH, was added providing
an organic sol. 1 mL of the sol was quickly added by means of a
syringe to 9 mL of a suspension containing either the bacteria
Lactobacillus plantarum or the yeast Pichia anomala in isotonic
aqueous NaCl solution. The obtained slightly opagque hydrosol was
poured into a Petri dish and was converted into a slightly
opaque monolithic gel within 30 min. The gel was then washed
several times with isotonic aqueous NaCl solution. Optical
microscopy showed that the applied microorganisms were covered
by a shell of hydrated oxide (with 100-250 nm wall thickness),
and further incorporated into gel aggregates measuring from
tenths of micrometers to about 1 mm. Liberation of encapsulated
organisms according to Example 3 with subsequent viability test
revealed survival rates of 73 % of the L. plantarum and 100 % of

P. anomala.

EXAMPLE 6. Encapsulation of the seeds of Arabidopsis in hydrated
oxide shells obtained from chemically modified and pre-
hydrolysed precursor.

Initial precursor solution was obtained by dissolving 4 mL
Ti(O"Pr)s in 6 mL anhydrous "PrOH and adding 2 mL
triethanolamine. Then 2.5 mL of hydrolyzing solution, prepared
by mixing 0.5 mL 0.1 M HNO3 with 2.0 mL "PrOH, was added to form
an organic sol. 1 mL of the organic sol was quickly added by
means of a syringe to 10 mlL suspension of 0.05 g of Arabidopsis
seeds in 8 mL distilled water. The obtained slightly opaque
hydrosol was poured into a Petri dish and dried in the open for

1 h. The seeds were covered with a shells having wall thickness

of about 1 um by Scanning Electron Microscopy (SEM) observation.
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The shells were not uniform, containing cracks with the depth of

0.5-0.8 um, formed apparently through shrinkage on drying.

EXAMPLE 7. Encapsulation of the seeds of Arabidopsis in hydrated
oxide shells obtained from chemically modified and pre-
hydrolysed precursor and applying a salt solution to avoid
shrinkage.

Initial precursor solution was obtained by dissolving 4 mL
Ti(O"Pr)s in 6 mL anhydrous "PrOH and adding 2 mL
triethanolamine. Then 2.5 mL of hydrolyzing solution, prepared
by mixing 0.5 mL 0.1 M HNO; with 2.0 mL "PrOH, was added to form
an organic sol. 1 mL of the organic sol was quickly added by
syringe to 10 mL of suspension of 0.05 g of Arabidopsis seeds in
8 mL isotonic NaCl solution. The obtained slightly opaque
hydrosol was poured out in a Petri dish and dried in a flow of

dry air for 1 h. The seeds were covered with uniform crack-free

shells with wall thickness of about 1 um by SEM observation.

EXAMPLE 8. Application of anti-inflammatory drugs as co-
modifying ligands.

Initial precursor sol was obtained by dissolving 2 mL Ti (O"Pr),
in 8 mL anhydrous "PrOH and adding 0.9 mL triethanolamine and 0.1
g ibuprofen or 0.1 g penicillamine, respectively. Then 1.0 mL of
hydrolyzing solution, prepared by mixing 0.5 mL 0.1 M HNO3 with
2.0 mL "PrOH, was added to form an organic sol. 1 mL of the
organic sol was added to 1 ml. of granulated mesoporous Al,O3 in 4
mL water. The hydrosol and then hydrogel was formed on constant
shaking of the mixture, which was then dried in the open. The
granulae were covered with shells with thickness about 1 um.
Transfer of the coated granulae into water again does not lead
to considerable immediate release of ibuprofen according to UV-
measurements. Ibuprofen is released guantitatively on treatment
by citrate buffer with pH = 6.0. UV-measurements of the

application with penicillamine as co-modifying ligand indicates
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that the penicillamine residue is, in the absence of
polycarboxylate ligands, conserved in the gel shell with the
same coordination arrangement around the metal atom as in the

initial modified alkoxide.

EXAMPLE 9. Preparation of iron oxide hydrosol and its
application for encapsulation of indium tin oxide nanoparticles.
Initial precursor sol was obtained by dissolving 0.4 g iron
ethoxide, FesO(OEt)i3, in 4 mL anhydrous ethanol and then adding,
on vigorous stirring, 1 mL of a solution prepared by mixing 0.5
mL 0.1 M HNO3; with 5 mL EtOH. 2 mL of the thus obtained dark
reddish orange sol was added to 8 mL of distilled water. The
obtained hydrosol is stable for several days at room
temperature. Nanoparticles of indium tin oxide (30 nm in
diameter, provided by MG-Consulting, Italy), 0.05 g, were
dispersed in the obtained hydrosol by a short ultrasonic
treatment (0.14 kW bath, 3 min). The suspension was poured into
a Petri dish and dried in the open. The product consist of
aggregates of particles covered by oxide shells with thickness
of about 50-70 nm by SEM observations. Deposition of such
particles on glasses provides an approach to solar control

applications.

EXAMPLE 10. Preparation of transparent hydrosol of molybdenum
trioxide monohydrate from molybdenum alkoxide, derived from an
alcohol possessing additional donor function.

Molybdenum dioxo-2-methoxyethoxide, MoO,(0C;H40CH3),, - a
derivative of 2-methoxyethanol, an etheroalkoxide, 0.21 g, was
dissolved in 3 mL of the parent alcohol, HOC;H,OCH;. The solution
was poured out into 5 mL of distilled water. The clear light
blue sol remained uniform and transparent during 1 week. Drying

of the sol in vacuum (0.1 mm Hg) resulted in light blue powder

identified as MoOs3-H,0 by powder X-ray. The sol possessed

photochromic properties: it turned intensively blue when exposed
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to the sunlight and turned again colourless after storage in
darkness for 0.5 - 2 h. Deposition of such sol on glasses

provides an approach to photochromic applications.
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CLAIMS

1. A process for preparing a hydrosol of one or more
metal oxides, comprising:

i) Preparing a metal alkoxide solution of one or more metal
alkoxides in a water-miscible organic solvent;

ii) Providing an agqueous solvent;

iii) Optionally providing an adqueous solvent having a pH of from
pH 0 to pH 7;

iv) Optionally mixing measured volumes of the solution of step
i) and of the aqueous solvent of step iii) to form metal oxide
micelles in the water-miscible organic solvent;

v) mixing the metal alkoxide solution of step i) or the water-
miscible organic solvent comprising metal oxide micelles of step
iv) with the agueous solvent of step ii) in a volume or weight
proportion to form a single-phase aqueous sol colloid (hydrosol)
of hydrated metal oxide;

with the proviso that the hydrosol does not comprise non-ionic

block polymer surfactant.

2. The process of claim 1, wherein a metal alkoxide is
selected from magnesium alkoxide, aluminium alkoxide, titanium
alkoxide, zirconium alkoxide, niobium alkoxide, molybdenum

alkoxide.

3. The process of claim 1 or 2, wherein a metal alkoxide
is selected from methoxide, ethoxide, n-propoxide, isopropoxide,

n-butoxide, amyloxide.

4. The process of claims 1 - 3, wherein one or more of
the one or several metal alkoxides comprise one Or more ligands

other than alkoxide.
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5. The process of claim 4, wherein said one or more
ligands other than alkoxide are selected from carboxylate, beta-

diketonate, ketoesterate, diolate, polyolate, carbohydrate.

6. The process of claim 4 or 5, wherein a ligand other

than alkoxide comprises an electron-donating group.

7. The process of claim 6, wherein the electron-donating
group is selected from alkoxy-, amino-, imino-, alkylamino-,

alkanolamino.

8. The process of claim 6 or 7, wherein the electron-
donating ligand is selected from pharmaceutical agent,
fragrance, perfume, colour, dye, food additive, anti-oxidant,
humidifier, vitamin, hormone, insecticide, herbicide, anti-
protozoic drugs, fungicide, bactericide, enzyme, antibody,

catalyst, chemical reagent.

9. A hydrosol of one or more hydrated metal oxides, which

does not comprise non-ionic block polymer surfactant.

10. The hydrosol of claim 9, obtainable by the process of

any of claims 1 to 8.

11. A process for preparing a hydrogel of one or more
metal oxides, which does not comprise non-ionic block polymer
surfactant, comprising storing the aqueous hydrosol of hydrated
metal oxide of claim 9 or 10 for a period of time sufficient to

provide for sol-gel transition.

12. The process of claim 11, comprising removing water and

solvent upon sol-gel transition.
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13. A hydrogel of one or more hydrated metal oxides, which

does not comprise non-ionic block polymer surfactant.

14. The hydrogel of claim 13, obtainable by the process of
claim 11 or 12.

15. A process for encapsulation of water—-insoluble
‘particles in a metal oxide or a mixture thereof, comprising:

a) Preparing a metal alkoxide solution of one or
several metal alkoxides in a water-miscible organic solvent;

b) Preparing a particle suspension in an agueous
solvent;

c) Mixing the solution of step a) and the suspension
of step b) in a volume or weight proportion suitable for forming
a suspension of said particles in a single-phase agqueous sol
colloid of hydrated metal oxide(s);

d) Storing said agueous sol colloid particle
suspension for a period of time sufficient to provide for
formation and self-assembly of micelles of metal oxide(s) on the
particles so as to form shells of hydrated metal oxide(s) on the
particles, wherein the storage time can be selected to allow for
transition of the agueous sol to an aqueous gel;

e) Optionally removing water and/or solvent from the
product of step d) to form aggregates of water-insoluble
particles in shells of hydrated metal oxide (s);

f) Alternatively to step e), optionally separating
the particles enclosed in shells of hydrated metal oxide(s)
obtained in step d) from other components;

g) Optionally removing water and solvent from the
product of step f);

with the proviso that the method does not comprise the

use of a non-ionic block-copolymer surfactant.
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16. The process of claim 15, wherein the particles are
selected from live or dead single- or multiple-cell organisms or
organelles, such as mitochondria, or plant, animal or human
tissue or cells or extracts thereof or non-biological
macromolecules or particles, such as those of industrial organic
polymers, metal particles and metal oxide particles, metal
chalcogenide particles, particles of dyes, fragrances,

fungicides, insecticides, herbicides, drug.

17. The process of claim 15 or 16, wherein a metal
alkoxide is selected from methoxide, ethoxide, n-propoxide,

isopropoxide, n-butoxide, amyloxide.

18. The process of any of claims 15 - 17, wherein a metal
oxide is selected from magnesium oxide, aluminium oxide,
titanium oxide, zirconium oxide, niobium oxide, molybdenum

oxide.

19. The process of any of claims 15 - 18, wherein one or
more of the one or several main group metal and/or transition
metal alkoxides comprise one or more ligands other than

alkoxide.

20. The process of claim 19, wherein said one or more
ligands other than alkoxide are selected from carboxylate, beta-
diketonate, ketoesterate, diolate, polyolate, carbohydrate.
21. The process of claim 19 or 20, wherein a ligand other

than alkoxide comprises an electron-donating group.

22. The process of claim 21, wherein the electron-donating
group is selected from alkoxy-, amino-, imino-, alkylamino-,

alkanolamino.
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23. The process of claim 21 or 22, wherein the electron-
donating ligand is selected from pharmaceutical agent,
fragrance, perfume, colour, dye, food additive, anti-oxidant,
humidifier, vitamin, hormone, insecticide, herbicide, anti-
protozoic drugs, fungicide, bactericide, enzyme, antibody,

" catalyst, chemical reagent.

24. The process of any of claims 15 - 23, wherein water is
added to the metal alkoxide solution of step a) prior to mnixing
the solution in step c¢) with the aqueous medium for

encapsulation of step b) to provide for formation of main group

metal and/or transition metal oxide micelles.

25. The process of claim 24, wherein water is added in an
amount of from 0 to 10 molar eguivalents of total metal

alkoxide.

26. The process of claim 24, wherein water is added in an

amount of from 0.01 to 4.0 equivalents.

27. The process of claim 24, wherein water is added in an

amount of from 0.05 to 1.0 equivalents.

28. The process of any of claims 24 to 27, wherein the
water for addition is comprised by a water-miscible organic

solvent.

29. The process of any of claims 24 - 28, where the pH of
the water for addition is adjusted by acid or buffer to from pH
0 to pH 7.

30. The process of any of claim 24 - 28, wherein

adjustment is to from pH 0 to pH 2.
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31. The process of any of claims 15 - 30, wherein the
solution of step a) and/or the suspension of step b) is cooled

and/or heated prior to mixing.

32. The process of any of claims 15 - 32, wherein the
solution of step a) and/or the suspension of step b) is

subjected to ultrasonic treatment prior to mixing.

33. An aqueous metal oxide sol colloid (hydrosol)
comprising particles suspended therein, which does not comprise

a non-ionic block polymer surfactant.

34. The hydrosol of claim 33, obtainable according to the

process of any of claims 15 - 32.

35. The process of any of claims 15 - 32, wherein the
product of step d) is dried by evaporation, sublimation, solvent

exchange, and/or supercritical or freeze drying.

36. The process of claim 35, wherein the product of step

e) is washed with water or an agueous solvent.

37. The process of claim 34, wherein the dried product is

subjected to heating and/or cooling.

38. The process of claim 34 or 36, wherein the dried

product is subjected to mechanical fragmentation.

39. The process of any of claims 15 - 32, wherein the
product of step f) is dried by evaporation, in a flow of a gas,

by solvent exchange, and/or by supercritical or freeze drying.

40. A water-insoluble particle aggregate comprising one or

several water-insoluble particles, each encapsulated in a shell
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of hydrated metal oxide(s) of higher density interspaced with
hydrated metal oxide(s) of lower density, with the proviso that

it does not comprise a non-ionic block-copolymer surfactant.

41. The particle aggregate of claim 40, wherein a water-
insoluble particle is selected from live or dead single- or
multiple-cell organism or organelle, such as mitochondria, or

plant, animal or human tissue or cell or extract thereof.

42. The particle aggregate of claim 40, wherein a water-
insoluble particle is selected from industrial organic polymers,
metal particles and metal oxide particles, metal chalcogenide
particles, particles of dyes, fragrances, fungicides, water

insoluble drugs etc.

43, A water-insoluble particle aggregate comprising one or
several water-insoluble particles encapsulated in a
corresponding number of shells of hydrated metal oxide(s) of
higher density interspaced with hydrated metal oxide(s) of lower
density, obtainable by the process of any of claims 15-32 and
35-39.

44. The particle aggregate of claim 43, in powder form.

45. Use of the particle aggregate of claims 40-42 or 43-44

for transfer and/or storage of electronic information.

46. Use of the particle aggregate of claims 40-42 or 43-44

in medicine.

47. The use of claim 46 as a component for medical

implants.
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48. A suspension of the particle aggregate of claims 40-42
or 43-44 in a neutral or acidic aqueous solvent or in an organic

solvent.

49. A powder prepared from the particle aggregate of
claims 40-42 or 43-44.

50. A pharmaceutical composition comprising the particle

aggregate of claims 40-42 or 43-44.

51. A water—insoluble particle enclosed in a shell of
hydrated main group metal and/or transition metal oxide(s), with
the proviso that the shell does not contain non-ionic block

polymer surfactant.

52. The particle of claim 51 selected from dead or live
single- or multiple-cell organism or organelle, such as
mitochondria, or plant, animal or human tissue or cell or

extract thereof.

53. A water—insoluble particle enclosed in a shell of
hydrated main group metal and/or transition metal oxide (s)
obtainable by the process of any of claims 15-32 and 34-309.

54. A powder comprising particles of claim 53.

55. A heteroligand released from the hydrosol of claim 10-
11 or the hydrogel of claim 13-14 or from a dried product

thereof.

56. Use of the particle of claim 51 for transfer and/ozr

storage of electronic information.

57. Use of the particle of claim 51 in medicine.
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58. The use of claim 57, as a component of a medical
implant.
59. A suspension of the particle of claim 51 in an aqueous
or organic solvent.
60. A pharmaceutical composition comprising the particle

of claim 51 and one or more pharmaceutically acceptable

exciptients.
61. The composition of claim 60 in form of a tablet.
62. The composition of claim 60 or 61 for sustained

release of the encapsulated particles.

63. A process for encapsulation of water-insoluble
particles, comprising dispersing the particles in the hydrosol
of claim 9 or 10 and storing the suspension for a period of time

sufficient for sol-gel transition.
64. A method of coating a surface with metal oxide,
comprising deposition of the metal oxide hydrogel of claim 13 or

14 on the surface by spin-on, dip-coating or spray deposition.

65. An article coated by the method of claim 64.
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